The effects of the number of chromosome sets on chlorophyll content in diploid and tetraploid black wattle were assessed through chlorophyll absorbance. Seedlings of ~ 8 months of age, 1-year-old trees in polybags and 2-year-old fi eld material were selected for this investigation. Three families per ploidy level comprising of 10 half-sibs per family were used in the analysis. An analysis of variance revealed signifi cant differences ( P < 0.05) in chlorophyll absorbance between diploid and tetraploid materials ( Ā = 0.375 and Ā = 0.653, respectively). Signifi cant differences ( P < 0.05) between treatments (seedling, bagged material and fi eld material) within each ploidy level were recorded, where chlorophyll absorbance increased from diploid bagged trees ( Ā = 0.343) to seedlings ( Ā = 0.375) to fi eld trees ( Ā = 0.408). Similar signifi cant increases were recorded for the tetraploid seedlings ( Ā = 0.629) to bagged trees ( Ā = 0.644) to fi eld trees ( Ā = 0.686). Signifi cant differences ( P < 0.05) were also recorded between genetic lines within both ploidy levels. However, when comparing families within each ploidy level, with respect to treatment differences, in most cases, two of the three families showed no signifi cant differences ( P > 0.05). Within each family, signifi cant differences ( P < 0.05) were recorded between each of the three treatments tested, with the fi eld material consistently having signifi cantly ( P < 0.05) greater amounts of chlorophyll.
Introduction
The Acacia genus consists of over 1200 tree species that are mainly distributed in the dry tropics. These species have a wide variety of ploidy levels ranging from 2 n = 2× = 26 to 2 n = 8× = 104 ( Bennett and Leitch, 1995 ) . Some of these species are considered to be fast growing with quality wood and wood products thereby being of great economic signifi cance in the commercial forestry industry ( Blakesley et al. , 2002 ) .
Acacia mearnsii De Wild., commonly referred to as ' black wattle ' ( Beard, 1957 ) with a chromosome complement of 2 n = 2× = 26, is one of the species that has considerable commercial and environmental signifi cance in South Africa, outside of its native range in southern Australia ( Stubbings and Schönau, 1994 ) . Since its introduction into South Africa in 1864, black wattle has become one of the country's leading commercial exotic species comprising nearly seven per cent of South African forestry plantations ( Dunlop and MacLennan, 2002 ) . The planting of black wattle has become increasingly popular, initially for its high quality tannin content and in more recent times for its wood and potential source pulp for the pulp and paper industry ( Sherry, 1971 ; Dunlop and MacLennan, 2002 ) . Furthermore, black wattle provides an invaluable source of fi rewood and building material for rural communities and local farmers ( Dunlop and MacLennan, 2002 ) .
Despite the commercial value of black wattle, it is a diffi cult species to manage due to its tendency to invade native woodlands and cultivated areas ( Blakesley et al. , 2002 ) . If left unmanaged, black wattle is one of South Africa's top invader species that aggressively colonizes and rapidly outcompetes indigenous vegetation. Thus, both foresters and environmentalists alike are faced with an interesting paradox of balancing the commercial signifi cance of black wattle on the one hand, with an increasing environmental concern on the other.
Methods of containing black wattle and reducing its invasiveness are continually being researched ( Turnbull et al. , 1998 ; Beck et al. , 2003b ) . These methods include several aspects of physical clearing, chemical, biological and genetic control. Genetic control is currently being explored by the Institute for Commercial Forestry and Research (ICFR) as a means of introducing seed sterility since the prolifi c seeding ability of black wattle is a major factor contributing to its invasiveness ( Dunlop and MacLennan, 2002 ) . Polyploidization often leads to the lowering of fertility and inducing seed sterility due to variable and abnormal meioses displaying multivalent formation, uneven chromosome segregation at anaphase 1 and subsequent unviable gametes with unbalanced chromosome complements.
The cultivation of polyploids, and in particular triploids, is a common method of breeding sterile cultivars. Triploids have an odd number of chromosome sets and are more prone to uneven chromosome segregation than polyploids with an even number of chromosome sets. Sterile cultivars have been successfully produced by introducing polyploidy in several species, particularly those valuable to the fruit-breeding industry ( Darrow, 1952 ) , namely, a Citrus hybrid ( Cavalcante et al. , 2000 ) , apple ( Dermen, 1952 ) and melon ( Ezura et al. , 1993 ) .
Tetraploids are typically produced by the utilization of microtubule inhibitors such as colchicine ( Blakeslee and Avery, 1937 ) . Colchicineinduced tetraploids in the Acacia genus have been recorded with A. mearnsii ( Moffett and Nixon, 1960 ; Beck et al. , 2003b ) , A. dealbata and A. mangium ( Blakesley et al. , 2002 ) . Triploids may be formed in various manners. One such manner is achieved through the production of tetraploids, which are then crossed with diploids to produce triploids ( Blakesley et al. , 2002 ) .
The successful implementation of induced sterility through polyploidization in black wattlebreeding programmes hinges on the ability to accurately discern the various ploidy levels being utilized in the crosses. Traditional diagnostic methods such as chromosome counts have proven to be labour intensive and unreliable in black wattle due to ineffi cient chromosome spreading and the small size of the chromosomes ( Beck et al. , 2003c ) . It has therefore become necessary to rely upon other procedures to verify ploidy levels in A. mearnsii .
The direct method of fl ow cytometry has been successfully used to distinguish between diploid and tetraploid black wattle ( Beck et al. , 2005 ) , which requires expensive equipment that may not always be accessible. Thus, various indirect methods have been explored as an alternative. Indirect methods have been successfully utilized in other species to obtain rapid and reliable ploidy verification. These include the quantifi cation of pollen grain dimensions ( Evans, 1955 ; Naj cˇ evska and Speckmann, 1968 ) , stomatal length ( Speckmann et al. , 1965 ; Tan and Dunn, 1975 ; Mishra et al. , 1991 ) as well as number of chloroplasts present in stomatal guard cells ( Hamada and Baba, 1930 ; Mochizuki and Sueoka, 1955 ; Bingham, 1968 ; Chaudhari and Barrow, 1975 ) . Stomatal lengths ( Beck et al. , 2003a ) and stomatal chloroplast frequency ( Beck et al. , 2003c ) have been successfully used reliably in black wattle. Chlorophyll content has also been explored as a possible means to differentiate between different levels of ploidy with varying levels of success in different species . While distinct differences in chlorophyll content were found in relation to ploidy level in some species ( Warner and Edwards, 1993 ; Romero-Aranda et al. , 1997 ) , chlorophyll content was found to be constant in relation to ploidy in other species ( Timko and Vasconcelos, 1981 ; Warner and Edwards, 1989 ) . Therefore, the implementation of this method needs to be empirically tested for a particular species prior to its utilization as a ploidy diagnostic tool. In this investigation, chlorophyll content of diploids was compared with that of tetraploids to ascertain any signifi cant differences in chlorophyll content, which may be used to discern between the two levels of ploidy in black wattle.
Materials and methods

Plant material
Seedlings in trays of ~ 8 months of age, 1-year-old trees in 20-l polybags and 2-year-old fi eld diploid and tetraploid materials were selected for this investigation. Diploid material was from improved open pollinated families, while the tetraploid material had been identifi ed by the Wattle Research Institute (now Institute for Commercial Forestry Research) through chromosome counts during the early 1950s. For each of the seedling, bagged and field material, three different diploid families and three tetraploid families were selected, whereas each of the families consisted of 10 half-sibs. Seedling and polybag material were kept under nursery conditions at the ICFR, while the fi eld material was obtained from the Bloemendal black wattle plantation in the province KwaZulu-Natal.
Chlorophyll extraction
Leaf samples from 10 plants of each line were collected and stored temporarily in black plastic bags that were kept on ice while in transit from the nursery or the fi eld to the laboratory. Chlorophyll was extracted from all leaf materials by employing the method of Vernon and Seely (1966) with a few modifi cations. Leaves were fi rstly washed with distilled water to remove impurities. Approximately 1-g leaf material was homogenized in liquid nitrogen to reduce degradation, using a pestle and mortar. One gram of the powdery homogenate was weighed out using a four-decimal place electronic mass. Working in reduced light, this sample was re-homogenized in 5 ml of 90 per cent acetone. The chlorophyllcontaining solution (CCS) was then siphoned off using a Pasteur pipette and placed into a polytop vial covered with tin foil. Chlorophyll extraction was performed on a further 2 g, 1 g at a time to provide a total of 15 ml of the CCS, which was poured into a 25-ml volumetric fl ask and made up to 25-ml mark with 90 per cent acetone to make up a standard solution. The standard solution was then covered with tin foil, placed on ice and an absorbance spectrum determined within 15 min through chlorophyll absorbance spectroscopy. Although the extraction process may have allowed for the extraction of other pigments and chlorophyll degradation products, these were diffi cult to separate out and were identifi ed as consistent standard additions throughout the chlorophyll experiments and did not affect the overall trends established.
Chlorophyll absorbance spectroscopy
Chlorophyll absorbance spectra were recorded by placing 1 ml of the standard solution into a 3-ml quartz cuvette, fi lled to the graduation mark on the cuvette with 90 per cent acetone. A second quartz cuvette was fi lled with 90 per cent acetone and was utilized to standardize chlorophyll absorbance measurements to compensate for any absorbance that the acetone may introduce. Both cuvettes were placed in a PerkinElmer Lambda 45 UV/vis spectrometer. Light ranging in wavelength from 400 to 700 nm (visible light) was passed through the sample in the cuvette and readings taken at 1-nm intervals. This light was absorbed and produced a chlorophyll absorbance spectrum for each sample. These spectra were recorded as ASCII fi les and analysed statistically.
Statistical analysis
All the data were recorded in Microsoft ® Excel 2002 spreadsheets. Statistical analyses were undertaken with the statistical package GenStat ® 7.1 ( Lane and Payne, 2003 ) . Standard means, ranges and deviations were calculated for all data.
A general analysis of variance (ANOVA) using a split-plot design was performed to assess the variation present in the different investigations and the least signifi cant differences determined to interpret the variation.
Results
Chlorophyll content (refl ected as absorbance values) was determined for both diploid and tetraploid black wattle ( Table 1 ). The chlorophyll absorbance spectra displayed the expected peaks where chlorophyll pigment was strongly absorbed which was at wavelengths of 433, 456 and 663 nm. The absorbance values at these peak wavelengths were used to determine the mean chlorophyll absorbance values as an indication of chlorophyll content. Within each ploidy level, mean chlorophyll absorbance values at the respective three peak wavelengths were roughly 40 per cent greater in the tetraploids than in the diploids ( P < 0.05). The mean chlorophyll content in the leaf material of all the diploids as measured by mean absorbance value ( Ā ) = 0.375 and all the tetraploid materials had a mean absorbance value ( Ā ) = 0.653. Not surprisingly, this trend was also refl ected by the total mean chlorophyll absorbance (T Ā ), calculated as the mean of the absorbance values at 433, 456 and 663 nm.
When chlorophyll absorbance data were analysed within a ploidy level, signifi cant differences were found among treatments ( P < 0.05). An ANOVA revealed signifi cant differences of total chlorophyll absorbance values ( P < 0.05) for diploid polybag trees ( Ā = 0.343) to seedlings ( Ā = 0.374) to fi eld trees ( Ā = 0.408). Similar significant differences were recorded for the tetraploid polybag trees ( Ā = 0.644) to seedlings ( Ā = 0.629) to fi eld trees ( Ā = 0.686) ( Table 1 ) . Interestingly, for both diploid and tetraploid materials, the fi eld material contained the greatest amount of chlorophyll. When looking at each of the three families within each ploidy level, in most cases, overall signifi cant differences ( P < 0.05) were noted, as would be expected. When comparing the differences between families together with similar treatments, in most cases (diploids and tetraploids), two of the three families were similar ( P > 0.05). Within each diploid family, when comparing the three different treatments, the same trend was noted where the fi eld material had the greatest amount of chlorophyll, followed by the seedling and then the polybag material ( P < 0.05). This was the same for the tetraploid material, except that the polybag material had more chlorophyll than the seedling material.
Chlorophyll absorbance spectra of diploid and tetraploid black wattle were compared to identify possible trends. The trends observed in the spectra further support the chlorophyll absorbance fi ndings reported in Table 1 . The chlorophyll absorbance profi les of seedlings, polybag and fi eld samples were pooled for diploids and tetraploids, respectively, in order to obtain an improved understanding of the absorbance trends between the two ploidy levels ( Figure 1 ) . In general, the pooled chlorophyll absorbance profi les for both levels of ploidy maintained the expected profi le, with peaks at 433, 456 and 663 nm. However, the pooled chlorophyll absorbance values of the diploids were signifi cantly ( P < 0.05) lower than those of the tetraploids. Beck et al. (2003b , c ) showed that the number of chlorophyll-containing chloroplasts increased from diploids to tetraploids in black wattle. It was therefore anticipated that the chlorophyll concentration would increase as well, as was found by various authors for a number of other species Meyers et al. , 1982 ; Leech et al. , 1985 ; Warner and Edwards, 1993 ) . In this investigation, chlorophyll absorbance was tested as a possible tool to quantify an increased concentration of chlorophyll on the basis of Beer's Law ( Harwood and Moody, 1989 ) . The black wattle chlorophyll absorbance data revealed that the overall chlorophyll content in the diploids was 40 per cent less than that of the tetraploids ( P < 0.05) thereby allowing accurate discrimination between the two ploids of black wattle. Interestingly, in alfalfa, chlorophyll content and other proteins were shown to almost double from diploid to tetraploid plants , while in tall fescue plants, chlorophyll concen tration increased signifi cantly according to a quadratic function from tetraploid to hexaploid to octaploid to decaploid, with the maximal chlorophyll content in the octaploids . A similar result was observed in C 4 grass Panicum virgatum where chlorophyll content and other soluble proteins increased from tetraploid to octaploid by 40 -50 per cent ( Warner et al. , 1987 ) . However, in citrus, Citrus sinensis , cellular nitrogen and chlorophyll contents were found to increase by only 25 per cent from diploid to tetraploid citrus ( Romero-Aranda et al. , 1997 ) . Interestingly, this tendency of chlorophyll content to increase with an increase in ploidy level is not always apparent. Ploidy determination on the basis of a change in chlorophyll content might be misleading if the nature of the change has not been predetermined. This change in chlorophyll content needs to be identifi ed in relation to ploidy level since not all species display a proportional increase in chlorophyll content with increasing ploidy level. For instance, Warner and Edwards (1989) showed that chlorophyll content remained constant in various levels of ploidy in Atriplex confertifolia ; diploid, tetraploid, hexaploid, octaploid and decaploid, whereas other proteins were found to increase. Similar evidence was reported for the castor bean, Ricinus communis , where the relative chlorophyll content was found to be similar in haploid, diploid and tetra ploid plants ( Timko and Vasconcelos, 1981 ) .
Discussion
Another noteworthy tendency of chlorophyll is its propensity for degradation. It was found that the chlorophyll in leaf samples becomes highly susceptible to degradation as the cells begin to die and decompose; moreover, they become increasingly light and temperature labile ( Chabot and Chabot, 1977 ; Sartory and Grobbelaar, 1984 ) . Thus, the factors that exacerbate chlorophyll degradation need to be identifi ed and assessed prior to using chlorophyll absorbance as a diagnostic tool ( Herve and Heinonen, 1982 ) . In black wattle, the distance of the collection site from the laboratory and the large variety of trees available were identifi ed as two potential factors that could assist the chlorophyll degradation process in this research. Hence, appropriate leaf storage methods and types of leaf material need to be examined in black wattle in order to ascertain how best to reduce chlorophyll degradation.
Conclusions
This investigation has revealed that the quantification of chlorophyll content in black wattle can be successfully employed to identify and differentiate between diploids and tetraploids. The difference in chlorophyll concentration was distinct and non-overlapping making it possible to use chlorophyll content as a diagnostic measure of ploidy in young seedlings. Additionally, the chlorophyll content was found to increase from seedlings to polybag juveniles to fi eld material for tetraploid black wattle and for diploid the chlorophyll content increased from polybag to seedlings to fi eld material. The discerning power of this technology is of great value to the future research in black wattle-breeding programmes, making it possible to identify the ploidy level of adult material accurately, easily and cost effectively, especially when equipment for direct ploidy assessment, such as through fl ow cytometry, is not easily accessible. 
